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Introduction {#sec001}
============

Forces generated by F-actin networks are important contributors to the generation of cell and tissue shape. The architecture and mechanical properties of the F-actin network are modulated by myosin II (MyoII) motors and actin binding proteins (reviewed in \[[@pgen.1008717.ref001]\]). The molecular composition of contractile actin networks and bundles is highly conserved among eukaryotic species \[[@pgen.1008717.ref002]\]. Nevertheless, their organisation and dynamics change across different cell types, their position within the cell and the differentiation state of the cell.

There are two main ways in which actomyosin networks can be organised within the cell, as a cortical meshwork below the plasma membrane or as stress fibers. Studies over the last decade have assigned distinct roles for these two types of networks. While pulsatile contraction of cortical actomyosin networks has been mainly implicated in the cell shape changes underlying key morphogenetic processes, such as gastrulation and neural tube formation (reviewed in \[[@pgen.1008717.ref003]\]), stress fibers have been largely involved in cell adhesion, migration and mechanosensing \[[@pgen.1008717.ref004]\]. During morphogenesis, cells change the way they organise their actin networks in response to intracellular signals. For example, a change in actin organisation from a cortical rearrangement into stress fibers is observed when cells exit mitosis or naïve pluripotency, or during epithelia to mesenchyme transitions (reviewed in \[[@pgen.1008717.ref005]\]). In addition, transitions between networks also depend on the way cells interact with each other and with the extracellular environment. Thus, while cell-cell interactions promote cortical actin organisation, cell-ECM adhesion stimulates stress fibers formation. During morphogenesis, conversions between these two different actin networks need to be finely regulated in space and time, as misplaced or untimely transitions could affect the proper formation of organs and tissues. Still, little is known about the mechanisms that guarantee controlled transitions during morphogenesis.

The follicular epithelium (FE) of the adult *Drosophila* ovary provides an excellent model system to study the contribution of cell-ECM interactions to the organisation of actin networks during morphogenesis. The *Drosophila* ovary is composed of 16--18 structures called ovarioles \[[@pgen.1008717.ref006]\]. Each ovariole contains a germarium at their anterior end and progressively older egg chambers towards the posterior end. Each egg chamber is composed of a cyst of 15 nurse cells and one oocyte enveloped by a single layer of follicle cells (FCs), which constitutes the FE \[[@pgen.1008717.ref007]\]. Newly formed egg chambers are round and go through 14 developmental stages (from S1 to S14) to eventually give rise to mature eggs \[[@pgen.1008717.ref007]\]. At the time that the egg chamber buds off from the germarium, approximately 80 FCs enclose the germline cyst \[[@pgen.1008717.ref007]\]. FCs continue to divide mitotically until S6 when they exit the mitotic cycle and switch to an endocycle \[[@pgen.1008717.ref008]\]. Between S7-10, FCs undergo three rounds of endoreplication, become polyploid and increase their size. The apical side of FCs faces the germline, while their basal surface contacts a specialised ECM called basement membrane, which encapsulates the egg chamber \[[@pgen.1008717.ref009]\]. Throughout oogenesis, F-actin organises at the basal side of FCs in three different types of networks, a cortical meshwork, planar-polarised protrusions and polarised stress fibers ([Fig 1A](#pgen.1008717.g001){ref-type="fig"}; \[[@pgen.1008717.ref010]--[@pgen.1008717.ref012]\]). Planar polarised protrusions and polarised stress fibers show dynamic behaviours throughout oogenesis. From early stages of oogenesis until the end of S8, the FE rotates around its anterior-posterior axis, a process termed "global tissue rotation" \[[@pgen.1008717.ref013], [@pgen.1008717.ref014]\]. During this process, two types of planar polarised protrusions have been identified, one typical of migrating cells containing lamellipodia and filopodia \[[@pgen.1008717.ref010]\], and a second one termed whip-like structure \[[@pgen.1008717.ref011]\]. Both protrude from the cell membrane but differ in their dynamics and localisation within the cell. Filopodia and lamellipodia localise to the leading edge of migrating FCs and show protrusive activity, extending in the direction of the movement. In contrast, whip-like structures are restricted to tricellular junctions and show flagella-like dynamics, propelling contrary to the direction of FE rotation. In addition, filopodia and lamellipodia are shorter than whip-like structures. The mechanisms regulating the assembly and maintenance of these different types of networks and the relationship among them throughout oogenesis remain poorly understood.

![Integrins regulate whip-like structures and stress fibers formation.\
**(A)** Schematic drawing of a S8 egg chamber illustrating the different types of actin organisations found on the basal side of FCs. **(B-E')** Basal surface view of mosaic S7 (B, B'), S8 (C, C'), S9 (D, D') and S10 (E, E') egg chambers containing *mys* FC clones, stained for anti-GFP (green) and Rhodamine Phalloidin to detect F-actin (red). **(B, B')** *mys* FCs (GFP-negative) contain more whip-like structures (arrow in B') than control FCs (GFP-positive, arrowhead in B'). **(C-E')** Stress fiber number diminishes progressively from S8-10 in *mys* FCs. **(F)** Quantification of the number of whip-like structures at the leading edge of S7 control and *mys* migrating FCs. (**G**) Quantification of the number of actin fibers per μm in S9 control and *mys* FCs. (**H**) Quantification of relative F-actin intensity in stress fibers in S9 control and *mys* FCs. The statistical significance of differences was assessed with a t-test, \*\*\* P value \< 0.0001. All error bars indicate s. e. Scale bars, 5 μm. The dotted white and red circles indicate area occupied by clones of mutant cells.](pgen.1008717.g001){#pgen.1008717.g001}

Cell culture studies have revealed a key role for integrins in the production and organisation of stress fibers, especially during cell migration \[[@pgen.1008717.ref015]\]. Integrins are heterodimeric receptors composed of an α and a β subunit. While in vertebrates there are at least 8 β subunits and 18 α subunits, in *Drosophila* there are only two β subunits, βPS and βν, and five α subunits, αPS1 to αPS5. The βPS subunit, encoded by the gene *myospheroid* (*mys*), is the only β chain present in the ovary and localises at the ends of actin stress fibers and whip-like structures (Ng et al., 2016;\[[@pgen.1008717.ref012], [@pgen.1008717.ref016], [@pgen.1008717.ref017]\]). The role of integrins on the organisation of actomyosin fibers on the basal side of FCs remains a bit controversial. On one hand, Delon and Brown found that clones of FCs lacking the βPS subunit showed increased basal F-actin bundles when compared to adjacent wild type cells \[[@pgen.1008717.ref012]\]. This led them to propose that, in this context, integrins were not required to generate stress fibers but to reduce their number \[[@pgen.1008717.ref012]\]. This differs from the proposed role for integrins in the formation of stress fibers in cultured cells \[[@pgen.1008717.ref015]\]. In contrast, and in agreement with results from cell culture experiments, studies aimed at understanding the regulation of basal MyoII oscillations showed that reducing the levels of integrins, either by RNAi, expression of β-integrin mutant forms or optogenetics, resulted in a reduction in basal F-actin and MyoII intensities and oscillation periods during S9 to S10B \[[@pgen.1008717.ref018], [@pgen.1008717.ref019]\]. Finally, an analysis of the role of integrins on the formation and maintenance of the other types of F-actin networks present in FCs remains missing.

Here, we have used real-time imaging, laser ablation and quantitative image analysis to show that integrins are required to maintain the architecture and mechanical properties of basal actomyosin networks. This, in turn, is essential to regulate cell shape. Loss of integrins in FCs leads to: 1) an increase in the number of whip-like structures, 2) a reduction in stress fibers and 3) a reorganisation of F-actin into a new type of membrane protrusions, which emanate from the basal cortex and extend into the cell center, overlying the medial basal actomyosin fibers. Furthermore, these new F-actin protrusions are dynamic and changes in protrusion area correlate with both changes in basal myosin levels and constriction pulses of the cell membrane. Finally, we found that integrin mutant FCs show reduced basal surface and increased membrane tension, two traits that can be rescued by blocking the formation of the membrane actin-rich protrusions. Altogether, we propose that integrin function as regulators of stress fibers assembly and maintenance controls epithelial cell shape, as its disruption promotes reorganisation into other types of actomyosin networks, conversions that interfere with proper expansion of epithelial basal surfaces.

Results {#sec002}
=======

Integrins regulate the formation and dynamics of basal actin networks {#sec003}
---------------------------------------------------------------------

To deepen in our understanding of the role of integrins in the formation and dynamics of basal actin networks, we generated mosaic egg chambers containing clones of FCs homozygous for the null allele *mys*^XG43^. Cell culture experiments have shown that loss of contact with the ECM mediated by integrins results in programmed cell death. However, we found that elimination of integrins in main body FCs did not induce cell death, as tested using an antibody to cleaved Dcp-1 (ec = 14, [S1 Fig](#pgen.1008717.s011){ref-type="supplementary-material"}). To visualise basal actin networks, we used the F-actin marker Rhodamine Phalloidin. We found that *mys*^XG43^ mutant FCs (from now on *mys* FCs) showed increased numbers of basal actin-rich protrusions resembling whip-like structures compared to controls (FCs analysed for each cell type, n = 24; egg chambers analysed, ec = 8, [Fig 1B and 1B'](#pgen.1008717.g001){ref-type="fig"}). To test whether they were in fact whip-like structures and to quantify them unambiguously, we performed live imaging of mosaic S7 egg chambers expressing either a LifeActin-YFP under a ubiquitous promoter, Ubi-LifeActinYFP, generated in this study (see [Materials and Methods](#sec010){ref-type="sec"}, [S1 Movie](#pgen.1008717.s001){ref-type="supplementary-material"}), or the myosin regulatory light chain Spaghetti-Squash tagged with GFP (Sqh-GFP, [S2 Movie](#pgen.1008717.s002){ref-type="supplementary-material"}, \[[@pgen.1008717.ref020]\]). We found that the ectopic basal actin-rich protrusions observed in *mys* FCs were indeed whip-like structures, as they moved like flagella against the direction of rotation ([S1 Movie](#pgen.1008717.s001){ref-type="supplementary-material"}) and did not contain myosin (n = 50, ec = 8, [S2 Fig](#pgen.1008717.s012){ref-type="supplementary-material"}, [S2 Movie](#pgen.1008717.s002){ref-type="supplementary-material"}). Quantification analysis of the *in vivo* images showed that while control FCs contained two whip-like structures at the leading edge ([Fig 1F](#pgen.1008717.g001){ref-type="fig"}, n = 24, ec = 8), one at each tricellular junction, *mys* FCs contained on average more than 5 ([Fig 1F](#pgen.1008717.g001){ref-type="fig"}, n = 24, ec = 8). Thus, we propose that integrins are required to restrain the number of whip-like structures.

Next, we studied the function of integrins in the formation and maintenance of stress fibers. It has been previously reported that downregulation of β integrin function, by either RNAi or optogenetics, reduces the intensity and oscillation period of basal F-actin and myosin signals during S9 and S10 \[[@pgen.1008717.ref018], [@pgen.1008717.ref019]\]. To further characterise integrin function in stress fiber morphogenesis in FCs, we analysed the density and morphology of the actomyosin fibers in control and *mys* FCs throughout oogenesis. We found that already at S8 the density of actomyosin fibers was reduced in *mys* FCs compared to controls (n = 36, ec = 8, [Fig 1C and 1C'](#pgen.1008717.g001){ref-type="fig"}, [S3A and S3A' Fig](#pgen.1008717.s013){ref-type="supplementary-material"}). This phenotype worsened as oogenesis progressed (n = 25, ec = 8, [Fig 1D and 1E'](#pgen.1008717.g001){ref-type="fig"}, [S3B--S3C' Fig](#pgen.1008717.s013){ref-type="supplementary-material"}), so that by S10 basal stress fibers were hardly detectable (n = 32, ec = 8, [Fig 1E and E'](#pgen.1008717.g001){ref-type="fig"} and [S3C and S3C' Fig](#pgen.1008717.s013){ref-type="supplementary-material"}). We quantified this phenotype by measuring the number and morphology of stress fibers at S9, when they were fully extended in control FCs and still visible in the *mys* FCs. We measured F-actin staining intensity across a bar centred at the basal side of FCs and identified peaks in which the fluorescence intensity exceeded one standard deviation below the mean intensity in the control (see [Materials and Methods](#sec010){ref-type="sec"}). We found that the number of peaks per micrometre was lower in *mys* FCs compared to controls (n = 25, ec = 8, [Fig 1G](#pgen.1008717.g001){ref-type="fig"}). Likewise, the overall intensity of F-actin in stress fibers in the mutant FCs was reduced by 60% with respect to controls (n = 23, ec = 8, [Fig 1H](#pgen.1008717.g001){ref-type="fig"}). Furthermore, we found that myosin levels were also reduced by 40% in mutant FCs compared to controls (n = 27, ec = 8, [S3D Fig](#pgen.1008717.s013){ref-type="supplementary-material"}). Finally, using live imaging of mosaic S10 egg chambers expressing the membrane marker Resille-GFP \[[@pgen.1008717.ref021]\] and either our Ubi-LifeActinYFP ([S4 Fig](#pgen.1008717.s014){ref-type="supplementary-material"}, [S3 Movie](#pgen.1008717.s003){ref-type="supplementary-material"}) or Sqh-mCherry ([S5 Fig](#pgen.1008717.s015){ref-type="supplementary-material"}, [S4 Movie](#pgen.1008717.s004){ref-type="supplementary-material"}), we found that the preferential pulsation periods of both F-actin (n = 10, ec = 8) and myosin (n = 9, ec = 8) were reduced in mutant cells compared to controls (n = 8, ec = 8, [S4C--S4E Fig](#pgen.1008717.s014){ref-type="supplementary-material"} and [S5C--S5E Fig](#pgen.1008717.s015){ref-type="supplementary-material"}), in agreement with a previous report \[[@pgen.1008717.ref019]\]. In addition, we found that mutant cells displayed a more stochastic behaviour than controls ([S4C](#pgen.1008717.s014){ref-type="supplementary-material"}--[S5E Fig](#pgen.1008717.s015){ref-type="supplementary-material"} and [S5C--S5E Fig](#pgen.1008717.s015){ref-type="supplementary-material"}). Altogether, our results show that integrins regulate the formation, maintenance and dynamics of basal actomyosin networks from early stages of oogenesis.

Elimination of integrins results in F-actin reorganisation {#sec004}
----------------------------------------------------------

Adherent mouse embryonic fibroblasts that gradually detach from the substrate redistribute their F-actin from stress fibers to a more cortical position. Because integrins mediate fibroblast adhesion to the substrate, this result points to a role of integrins in the organisation of F-actin \[[@pgen.1008717.ref022]\]. However, a previous report indicated that the decrease in F-actin levels found in the stress fibers of integrin mutant FCs was not accompanied by a clear increase in the cortex, a result that led the authors to suggest that cell-matrix adhesion might control F-actin intensity, but not its distribution in FCs \[[@pgen.1008717.ref019]\]. In contrast and similar to the case of fibroblasts in culture, we found that S9 integrin mutant FCs (n = 22, ec = 5) showed a strong accumulation of F-actin near the cortex ([S6A and S6A' Fig](#pgen.1008717.s016){ref-type="supplementary-material"}). Quantification of F-actin intensity along cell-cell contacts revealed a two-fold increase in cortical F-actin in *mys* FCs compared to controls (n = 22, ec = 5, [S6C and S6D Fig](#pgen.1008717.s016){ref-type="supplementary-material"}, see [Materials and Methods](#sec010){ref-type="sec"}). We also observed that all mutant cells within the clone, regardless of whether they were surrounded by either control or mutant cells, displayed increased levels of F-actin at basal cell edges, suggesting that this phenotype was cell autonomous ([S6A and S6A' Fig](#pgen.1008717.s016){ref-type="supplementary-material"}). This was specific to the basal side, as no difference was found apically (n = 22, ec = 5, [S6B and S6B' Fig](#pgen.1008717.s016){ref-type="supplementary-material"}). These results lead us to suggest that, in addition to its role in stress fiber formation, integrins can regulate F-actin redistribution in FCs.

We then characterised the organisation and behaviour of the dense basal junctional F-actin found in integrin mutant FCs. To do this, we performed live imaging of mosaic S10 egg chambers expressing the membrane marker Resille-GFP \[[@pgen.1008717.ref021]\] and either our Ubi-LifeActinYFP or Sqh-mCherry. Time-lapse imaging resolved the dense cortical build-up of F-actin observed in *mys* FCs into a new type of actin-rich membrane protrusions that: 1) emerged from the cell membrane; 2) projected towards the cell center, overlying the medial basal actomyosin fibers ([S5](#pgen.1008717.s005){ref-type="supplementary-material"} and [S6](#pgen.1008717.s006){ref-type="supplementary-material"} Movies); and 3) did not contain myosin ([S6 Movie](#pgen.1008717.s006){ref-type="supplementary-material"}, [Fig 2A--2D](#pgen.1008717.g002){ref-type="fig"}). These actin rich protrusions differed from both, whip-like structures, which show flagella dynamics but not protrusive activity \[[@pgen.1008717.ref011]\], and from the filopodia associated to egg chamber rotation, which are restricted to the leading edge and reach out over the basal surface of an adjacent cell \[[@pgen.1008717.ref010]\]. Furthermore, the simultaneous quantification of myosin level oscillations and total area occupied by actin-rich protrusions over time showed that myosin accumulation correlated with increased protrusion area in mutant FCs (n = 50, ec = 9, [Fig 2B--2F](#pgen.1008717.g002){ref-type="fig"}, [S6 Movie](#pgen.1008717.s006){ref-type="supplementary-material"}). In addition, and similar to control FCs, in which the rate of myosin accumulation correlates with the rate of basal surface contraction \[[@pgen.1008717.ref018]\], we found that higher myosin levels corresponded with higher contraction of the basal surface in integrin mutant FCs (n = 50, ec = 9, [Fig 2F](#pgen.1008717.g002){ref-type="fig"}, [S6 Movie](#pgen.1008717.s006){ref-type="supplementary-material"}). However, while the variation of the basal surface area of wild type FCs was shown to be highly polarised, being five-time higher in the D-V axis than in the A-P axis \[[@pgen.1008717.ref018]\], we observed that the reduction in basal surface area in mutant cells was almost symmetrical, with a ratio of D-V/A-P length change over time \~1.2 (n = 50, ec = 9). Taken together, the correlation between basal myosin accumulation, increased protrusion area and basal surface reduction observed in *mys* FCs supported the notion that the three phenomena might be related. Furthermore, it also suggests that the symmetrical basal surface contractions found in mutant FCs could be due to the activity of the ectopic protrusions, which in turn could be regulated by the medial actomyosin fibers. A direct outcome of this hypothesis is that membrane tension between two adjacent mutant FCs should be higher than the tension between two wild type cells or between a wild type cell and a mutant one, as protrusions from two mutant adjacent cells would be pulling in opposite directions. This led us to investigate whether elimination of integrins affected membrane tension.

![Loss of integrins results in reorganisation of the basal actin cytoskeleton.\
**(A-A")** Confocal micrographs of *mys* FC clones in living egg chambers expressing LifeActin-YFP (red) and the membrane marker Resille-GFP (green). *mys* FCs (GFP-negative) form abnormal actin-rich protrusions. **(B-D)** Time-lapse series of one representative *mys* FC (GFP-negative) labelled with Sqh-mCherry (red) and Resille-GFP (green). **(D)** The total area occupied by projections at different time points is coloured in orange. In blue, outline of the basal surface of the cell. **(E, F)** Simultaneous quantification of basal myosin changes and % of total basal surface occupied by projections **(E)** or total basal area **(F)** in one representative *mys* FC. Scale bars, 5 μm.](pgen.1008717.g002){#pgen.1008717.g002}

Integrin mutant FCs show increased membrane tension {#sec005}
---------------------------------------------------

Laser ablation of cell-cell boundaries is an effective tool to measure tension at junctional membranes \[[@pgen.1008717.ref023]\]. Thus, we performed laser ablation experiments using a UV laser beam to sever plasma membranes and the cortical cytoskeleton on the basal side of either S9 control or *mys* FCs (see [Materials and Methods](#sec010){ref-type="sec"}). The behaviour of cell membranes, visualised with Resille-GFP \[[@pgen.1008717.ref021]\], was monitored up to fifteen seconds after ablation. As a consequence of the cut, cortical tension relaxed and the distance between the cell vertices at both sides of the cut increased. Because the velocity of retraction is affected by cytoplasmic viscosity \[[@pgen.1008717.ref024]\], we assumed viscosity in *mys* and control FCs to be the same. To minimise potential effects due to an anisotropic distribution of forces in the FE, cuts were all made perpendicular to the AP axis and in the central region of fourteen independently cultured egg chambers ([Fig 3A and 3B](#pgen.1008717.g003){ref-type="fig"}, [S7](#pgen.1008717.s007){ref-type="supplementary-material"} and [S8 Movies](#pgen.1008717.s008){ref-type="supplementary-material"}). We found that the initial velocity of vertex displacement between two adjacent mutant FCs (1.26μm/sec, n = 14, ec = 14) was two times higher than the velocity found between two control cells (0.58μm/sec, n = 14, ec = 14, [Fig 3C](#pgen.1008717.g003){ref-type="fig"}, [S7](#pgen.1008717.s007){ref-type="supplementary-material"} and [S8 Movies](#pgen.1008717.s008){ref-type="supplementary-material"}). In addition, vertex displacement over time was also significantly greater in mutant cells compared to controls (n = 14, ec = 14, [Fig 3D](#pgen.1008717.g003){ref-type="fig"}, [S7](#pgen.1008717.s007){ref-type="supplementary-material"} and [S8 Movies](#pgen.1008717.s008){ref-type="supplementary-material"}). Finally, tension at boundaries between mutant and control cells (0.61μm/sec, n = 24, ec = 24) was similar to the tension observed between two control cells ([Fig 3C and 3D](#pgen.1008717.g003){ref-type="fig"}). These results allowed us to conclude that membrane tension increases at the boundary between two adjacent integrin mutant FCs.

![Loss of integrins in FCs results in increased membrane tension.\
**(A, B)** Images of life S9 wild type **(A)** and mosaic egg chambers containing *mys* FC clones (GFP-negative) **(B)**, expressing Resille-GFP, before and after single-cell bonds are ablated. Red bar and arrows indicate the point of ablation and the vertexes displaced, respectively. **(C)** Quantification of initial velocity of vertex displacement and (**D**) vertex displacement over time of the indicated ablated bonds. The statistical significance of differences was assessed with a t-test, \*\*\* P value \< 0.0001. All error bars indicate s. e. Scale bars, 5 μm.](pgen.1008717.g003){#pgen.1008717.g003}

Morphological consequences of integrin elimination in FCs: defective basal surface expansion {#sec006}
--------------------------------------------------------------------------------------------

As changes in membrane tension are known to regulate cell shape \[[@pgen.1008717.ref025]\], we next tested whether integrins were required to regulate cell shape in FCs. Using Resille-GFP to outline individual cells, we found that the basal surface of S10 *mys* FCs (n = 63, ec = 10) was smaller than that of controls (n = 63, ec = 10, [Fig 4A, 4C and 4D](#pgen.1008717.g004){ref-type="fig"}), whereas we observed no significant change either on the apical side or the height (n = 70, ec = 10, [Fig 4B, 4C, 4E and 4F](#pgen.1008717.g004){ref-type="fig"}).

![*mys* mutant FCs show defective basal surface expansion.\
Basal **(A)** and apical **(B)** surface views of a S10A mosaic egg chamber containing *mys* FC clones (GFP-negative) and expressing the cell membrane marker Resille-GFP, stained with anti-GFP. **(C)** Lateral view of a mosaic FE stained with anti-GFP (green) and Rodamine Phalloidin to detect F-actin (red). **(D, E, F)** Box plots of the basal surface **(D),** apical surface **(E)** and height **(F)** of control (green) and *mys* (grey) S10 FCs. **(G)** Box plot of the basal area of control (green) and *mys* (grey) FCs at different stages of oogenesis. (**H**). Box plot of the nuclear size of control (green) and *mys* (grey) S10 FCs. The statistical significance of differences was assessed with a t-test, \*\*\* P value \< 0.0001. Scale bars, 10μm.](pgen.1008717.g004){#pgen.1008717.g004}

When cultured cells detach from the ECM, tensile loads on the cytoskeleton become unbalanced, stress fibers contract and cells shrink and adopt a rounded morphology \[[@pgen.1008717.ref026]\]. In this context, the reduced basal surface found in S10A *mys* FCs could be due to cell shrinkage. Alternatively, as basal FCs surface expand during S7-10 \[[@pgen.1008717.ref007], [@pgen.1008717.ref027]\], the diminished basal surface observed in mutant FCs could also be due to defective surface expansion. To distinguish between these two possibilities, we measured surface area of control and mutant FCs throughout oogenesis. We found that the basal surface of mutant cells (n = 46, ec = 5) did not increase from S6 to S10 at the same rate as that of controls (n = 46, ec = 5, [Fig 4G](#pgen.1008717.g004){ref-type="fig"}). In fact, control cells grew their basal surface 1.7 and 1.8 times from S8-9 and from S9-10, respectively, while mutant cells grew their basal surfaces 1.5 and 1.3 times from S8-9 and from S9-10, respectively ([Fig 4G](#pgen.1008717.g004){ref-type="fig"}). To test that the failure of *mys* FCs to increase their size from S6-10 was not due to inappropriate endoreplication, we measured the nuclear size of control and mutant FCs. We found that the nuclear size of *mys* FCs (n = 37, ec = 10) was similar to that of controls (n = 37, ec = 10, [Fig 4H](#pgen.1008717.g004){ref-type="fig"}), in agreement with previous findings showing a normal BrdU incorporation pattern in *mys* FCs in contact with the germline \[[@pgen.1008717.ref028]\]. Altogether, these results lead us to propose that the reduced basal surface observed in the mutant cells is not a failure in global growth, but a specific requirement of integrins for proper expansion of their basal surface.

Integrins regulate basal surface area by controlling F-actin organisation {#sec007}
-------------------------------------------------------------------------

Stress fibers and cortical tension, both of which are affected in integrin mutant FCs, have been proposed to regulate cell shape (reviewed in \[[@pgen.1008717.ref029]\]). To determine the cause of the defects in basal surface growth due to integrin elimination, we decided to block the formation of the actin-rich protrusions in *mys* FCs. Suppression of the Abelson interacting protein (Abi*)* in FCs leads to a complete elimination of filopodial protrusions and whip-like structures and a strong disorganisation of stress fibers \[[@pgen.1008717.ref010], [@pgen.1008717.ref011]\]. Consistently, we found that RNAi-depletion of *abi* in all FCs, using the *traffic jam*-Gal4 (*tj*-Gal4) driver (tj\>*abi*RNAi; \[[@pgen.1008717.ref030]\]), abolished the formation of all actin protrusions, including the basal actin-rich protrusions formed in *mys* FCs (n = 34, ec = 5, [Fig 5A--5C](#pgen.1008717.g005){ref-type="fig"}). Interestingly, this experimental condition was able to rescue both the reduction in basal surface (n = 34, ec = 5, [Fig 5A--5B'](#pgen.1008717.g005){ref-type="fig"}, [5D and 5E](#pgen.1008717.g005){ref-type="fig"}) and the increase in membrane tension typical of *mys* FCs ([Fig 5E](#pgen.1008717.g005){ref-type="fig"}). Thus, while the initial velocity of vertex displacement between two adjacent *mys* mutant FCs was around 1.28μm/sec ([Fig 5E](#pgen.1008717.g005){ref-type="fig"}, n = 14, ec = 14), that found between two *mys*;*abi*RNAi cells was around 0.38μm/sec ([Fig 5E](#pgen.1008717.g005){ref-type="fig"}, n = 15, ec = 15), closer to that found between two adjacent wild type FCs (0.59μm/sec, [Fig 5E](#pgen.1008717.g005){ref-type="fig"}, n = 16, ec = 16). These results strongly suggest that the defects in basal surface growth observed in *mys* FCs were not due to defective stress fibers, but to the re-organisation of F-actin into protrusions.

![Integrins regulate basal surface area by controlling F-actin levels at cell edges.\
(**A, A', B, B'**) Basal surface view of S10 mosaic FE containing *mys* FC clones (GFP-negative) and (**B, B'**) expressing an *abi* RNAi (*tj\>abiRNAi*), stained for anti-GFP (green) and Rhodamine Phalloidin to detect F-actin (red). **(C)** Quantification of relative F-actin intensities along boundaries between cells of the indicated genotypes. **(D)** Quantification of the basal area of S10 FCs of the designated genotypes. **(E)** Quantification of initial velocity of vertex displacement of the indicated ablated cell bonds. The statistical significance of differences was assessed with a t-test, \*\*\* P value \< 0.0001. All error bars indicate s. e. Scale bars, 5 μm.](pgen.1008717.g005){#pgen.1008717.g005}

Based on the correlation between high levels of basal myosin and the symmetrical decrease in basal surface observed in *mys* FCs, we have proposed above that these two phenomena could be connected. To test this hypothesis, we interfered with myosin contractility in *mys* FCs by expressing a dominant negative form of the non-muscle myosin heavy chain *zipper* tagged with GFP (*zip*^*DN*^-GFP, \[[@pgen.1008717.ref031]\]). Cell culture studies have shown that myosin-derived tension can control actin filament assembly in migrating cells \[[@pgen.1008717.ref032]\]. Similarly, expression of *zip*^*DN*^-GFP in FCs decreased F-actin levels at stress fibers and at basal cell edges (n = 26, ec = 6, [S7A and S7A' Fig](#pgen.1008717.s017){ref-type="supplementary-material"}). In addition, we found that expression of *zip*^*DN*^-GFP in integrin mutant FCs (*mys*; *tj\> zip*^*DN*^-GFP) was able to rescue their reduced basal surface (n = 26, ec = 6, [S7B and S7B' Fig](#pgen.1008717.s017){ref-type="supplementary-material"}). This result supports our idea that forces generated by myosin contractility could in principle contribute to the inability of integrin mutant FCs to expand their basal surface properly. However, as expression of *zip*^*DN*^-GFP in FCs decreased F-actin levels in all actin structures, this experiment does not allow us to clarify the specific contribution of actomyosin contractility to the defects in basal surface growth observed in integrin mutant FCs.

Elimination of integrins in groups of FCs affects cytoskeletal reorganisation in neighboring control cells {#sec008}
----------------------------------------------------------------------------------------------------------

As reported above, the correct growth during mid-oogenesis of the basal surface of FCs requires integrin function. Our analysis of later egg chambers (stage 10B) showed that 70% of the mutant clones (n = 28, ec = 12) contained cells in which the basal area was hardly visible ([Fig 6A--6B'](#pgen.1008717.g006){ref-type="fig"}). This extreme reduction in basal surface was better appreciated in cross sections of egg chambers stained with an antibody against the lateral marker Discs Large (Dlg) ([Fig 6C and 6C'](#pgen.1008717.g006){ref-type="fig"}), or in 3D reconstructions of control and mutant FCs ([Fig 6D](#pgen.1008717.g006){ref-type="fig"}). Thus, it seemed as if the reduction in the basal area characteristic of *mys* FCs progresses over time.

![Elimination of integrin in FCs disrupts cytoskeletal organisation in neighbouring control cells.\
**(A, B)** Basal surface view of S10A **(A, A')** and S10B **(B, B')** mosaic follicular epithelia containing *mys* FC clones (GFP-negative), stained with anti-GFP (green) and Rhodamine Phalloidin to detect F-actin (red). **(C)** Lateral view of a S10 mosaic egg chamber stained with anti-GFP (green), Rhodamine Phalloidin (red) and anti-Dlg (basolateral polarity marker Discs large, blue). **(D)** 3D reconstruction of *mys* FCs and surrounding control cells. Arrows in **C** and **D** point to the basal surface of a mutant FC. **(E, E')** Basal surface view of a S10B mosaic FE containing *mys* FC clones (GFP-negative). Yellow arrows and asterisks mark control FCs contacting control and *mys* FCs, respectively. **(F-G')** Confocal images of live S10B mosaic egg chambers containing *mys* (**F**) or GFP (**G**) clones and expressing the cell membrane marker Resille-GFP. Images were taken with a 40 minutes interval. Scale bars, 5μm.](pgen.1008717.g006){#pgen.1008717.g006}

Basal stress fibers are randomly oriented at this point in control S10B FCs (yellow asterisks in [Fig 6E'](#pgen.1008717.g006){ref-type="fig"}, \[[@pgen.1008717.ref012]\]). In contrast, we noticed that control S10B FCs surrounding *mys* FCs polarised their basal stress fibers towards the mutant cells. Quantification of this phenotype revealed that control cells re-orient their stress fibers around clones of mutant cells in 80% of the cases analysed (n = 15, ec = 9). Furthermore, this behaviour was observed in 100% of the cases if control cells surrounded mutant ones with extremely reduced basal surface, suggesting that stress fibers reorientation in control cells relates to reduced basal surface in mutant cells ([Fig 6B and 6E](#pgen.1008717.g006){ref-type="fig"}). There are at least two alternative explanations for these results. First, stress fibers polarisation can be driven by an anisotropic cell spreading in response to external stimuli (as shown in cell culture experiments) \[[@pgen.1008717.ref033]\]. In this context, wild type FCs surrounding mutant ones could sense free ECM space left by the mutant cells and respond by spreading and reorganising their actin cytoskeleton. Second, we have shown here that control and mutant cells have different cortical tension. This could generate a mechanical stress in surrounding wild type cells leading to their stretching and stress fiber reorganisation. To test the first possibility, we performed live imaging of mosaic S10B egg chambers expressing Resille-GFP and found that the basal surface of control FCs contacting mutant ones seemed to spread anisotropically over the mutant cells (n = 50, ec = 8, [Fig 6F and 6F'](#pgen.1008717.g006){ref-type="fig"}, [S9 Movie](#pgen.1008717.s009){ref-type="supplementary-material"}). This was never observed in mosaic egg chambers containing control GFP clones ([Fig 6F and 6F'](#pgen.1008717.g006){ref-type="fig"}, [S6 Movie](#pgen.1008717.s006){ref-type="supplementary-material"}). As for the second possibility, one would expect expression of *abi* RNAi, which blocks formation of protrusions in mutant cells (see above), to restore orientation of stress fibers in adjacent wild type cells. Unfortunately, this could not be consistently tested due to the strong disorganisation of basal actin bundles observed in *abi* RNAi FCs ([Fig 5B'](#pgen.1008717.g005){ref-type="fig"}, \[[@pgen.1008717.ref011]\]). Thus, we propose that the reduction of the basal surface observed in late S10B mutant FCs could arise from the activation of spreading capacity and/or a mechanical response in surrounding wild type cells.

Discussion {#sec009}
==========

The actomyosin cytoskeleton organises in different types of networks within cells, including stress fibers or cortical arrangements. Each type of network localises to a precise region of the cell where it performs a distinct function. However, actin networks are highly dynamic and transitions between stress fiber and cortical organisations seem to drive key morphogenetic processes (reviewed in \[[@pgen.1008717.ref005]\]). These transitions depend on intracellular signals and on cell-cell and cell-ECM interactions. Here, we show that cell-ECM interactions mediated by integrins are required for the proper assembly and maintenance of stress fibers in FCs. Elimination of integrins from FCs leads to the reorganisation of F-actin from stress fibers into dynamic cortical protrusions, which we show interfere with proper expansion of the basal surface. Thus, our results show that equally important to trigger transitions between actin networks is to restrain them and suggest that integrins could act as supervisors of actomyosin network transitions during epithelia morphogenesis.

Most of our understating of the role of integrins on the assembly and dynamics of stress fibers comes from studies on cell migration. These studies have shown that even though the integrin-containing adhesion sites, focal adhesions, and stress fibers are two distinct structures with clear different functions, they are highly interdependent. During cell movement, recruitment of actin into stress fibers is impaired when focal adhesion proteins are eliminated. Similarly, focal adhesions rapidly disassemble when stress fibers are disrupted \[[@pgen.1008717.ref034], [@pgen.1008717.ref035]\]. However, little is known about the role of integrins in the assembly and dynamics of stress fibers during morphogenesis. Studies using the stress fibers on the basal side of *Drosophila* FCs have tried to address this issue \[[@pgen.1008717.ref018], [@pgen.1008717.ref019]\]. They have focused on the role of integrins on the dynamics of stress fibers, showing that integrins control basal myosin oscillations. Here, we find that elimination of integrins also causes a reduction in both myosin and F-actin levels in stress fibers before oscillations start. These results strongly suggest that, in static contractions, similar to what happens during cell migration, integrins play a key role in the nucleation and maintenance of actomyosin stress fibers. Cell culture experiments have also shown that stress fibers contract when separated from their focal adhesions \[[@pgen.1008717.ref036]\]. Likewise, we find that, at the time stress fibers start to contract in FCs, they shorten and collapse in the absence of integrins. We believe this could be due to the fact that the balance in tension in the stress fibers -due to mechanical resistance of the focal adhesions to which they are attached to- is disrupted in integrin mutant cells. We also find that the detached actomyosin fibers found in the middle of the basal side of integrin mutant FCs contract in an oscillatory fashion. This finding indicates that actomyosin networks do not need to be integrin-linked to the ECM in order to contract. This supports results from cell culture experiments showing localised and stochastic pulses of non-muscle MyoII assembly and disassembly in cells that adhere independently of integrin-ECM engagement \[[@pgen.1008717.ref037]\]. Finally, our results also show that the fibers found in integrin mutant FCs oscillate more stochastically than controls. We speculate that cell-ECM interactions mediated by integrins might also be required to minimise stochasticity, so that the control of cellular tension is guaranteed, thus allowing the harmonised changes in cell shape required for proper epithelia morphogenesis.

Detachment of cells from the substratum by trypsinisation causes a redistribution of F-actin from stress fibers to cortical regions \[[@pgen.1008717.ref038]\]. However, inhibition of cell-matrix adhesion in FCs, by RNAi or optogenetics, was shown to control F-actin intensity, but not its redistribution \[[@pgen.1008717.ref018], [@pgen.1008717.ref019]\]. In contrast and in agreement with Yamane et al \[[@pgen.1008717.ref038]\], here we show that F-actin decreases in stress fibers but increases in actin rich protrusions in integrin null mutant FCs, suggesting that F-actin could reorganise in the absence of integrins. The difference between our results and those from Qin et al. might reside in the approaches used to eliminate integrin function, knockout in our case (loss of function alleles) versus knockdown in their case (RNAi or optogenetics). The building blocks of stress fibers (actin, myosin and interacting proteins) are constantly exchanged with a cytoplasmic pool. In this context, we propose that the ectopic actin rich protrusions found in integrin mutant cells could arise from an increase in free cytoplasmic actin, due to the reduction in the number of stress fibers, which, upon interaction with membrane actin binding proteins, could organise in protrusions. This view is supported by *in vitro* experiments showing that free actin can organise in different types of networks in bilayers containing membrane-actin linkers \[[@pgen.1008717.ref039]\].

Our results also show that integrins are required for proper growth of the basal surface of FCs, implicating integrin function in cell shape control. Previous studies have proposed that integrins regulate proper egg chamber elongation by acting on actomyosin dynamics \[[@pgen.1008717.ref018], [@pgen.1008717.ref019], [@pgen.1008717.ref016], [@pgen.1008717.ref040]\]. We suggest that integrin function as regulators of cell shape in non-migrating cells could also contribute to the correct shaping of the tissue. Stress fibers are important for the maintenance of shape in crawling cells \[[@pgen.1008717.ref041]\]. However, more controversial is their role for the overall shape of non-migrating cells. Our results show that integrin mutant FCs have reduced number of stress fibers and increased actin rich protrusions and membrane tension. In addition, our findings showing that myosin accumulation correlates with both increased protrusion area and reduced basal surface area in mutant FCs, lead us to propose that the symmetrical and periodic basal surface contractions observed in integrin mutant cells could arise from interactions between the actin-rich protrusions and the medial basal actomyosin. Furthermore, we find that blocking the formation of protrusions in integrin mutant FCs is sufficient to rescue both the increase in membrane tension and the reduction in basal surface. Altogether, our results strongly suggest that the defects in basal surface expansion observed in integrin mutant FCs most likely result from the increase in membrane tension, produced by the ectopic actin protrusions, rather than a consequence of defects in stress fibers. Thus, we propose that integrin function on the assembly and maintenance of stress fibers is crucial to prevent transitions of actin into other types of networks, reorganisations that interfere with the cell shape changes ensuring epithelia development.

We find that clones of integrin mutant FCs undergo further basal surface reduction as oogenesis progresses. Furthermore, this is often associated with the stretching of surrounding control cells and the polarisation of their actin cytoskeleton. Data from cell culture experiments have shown that availability of free space is sufficient to trigger cell migration in the absence of mechanical injury \[[@pgen.1008717.ref042]\]. Here, our *in vivo* analysis shows that control FCs surrounding integrin mutant cells spread their basal surface anisotropically over that of the mutant cells. Furthermore, similar to what happens during asymmetric cell spreading in culture \[[@pgen.1008717.ref033]\], control FCs re-orient their stress fibers towards the integrin mutant cells. Thus, we propose that the activation of the spreading capacity of wild type cells surrounding mutant cells, probably as a response to available free ECM space, could contribute to the additional reduction in cell surface observed in late integrin mutant cells. Alternatively, as mutant cells undergo symmetrical basal surface constriction, they could pull on adjacent wild type cells leading to their stretching and stress fiber reorientation. In this context, the reduction of the basal surface observed in S10B FCs lacking integrins could also arise from the induction of a mechanical response in surrounding wild type cells. Whatever the mechanism, we show here that elimination of integrin function in a group of FCs causes basal constriction and their confinement into the interior of the follicular epithelium by both cell autonomous and non-cell autonomous effects. Of interest for our findings, loss of α2β1 integrin expression results in increased extravasation in breast and prostate cancer \[[@pgen.1008717.ref043]\]. The phenomenon described here may represent a mechanism to facilitate the evasion of tumor cells with low levels of integrins from their original tissue.

Intracellular actin networks can organise in diverse patterns that normally localise to precise regions of the cells. Nevertheless, they are rarely independent and often their dynamics influence each other. Here, we propose that the role of integrins in the maintenance of a specific type of network, stress fibers, is crucial to avoid reorganisation of other actomyosin networks, which we show can lead to defects in cell shape. A wide range of diseases, including cancer and neurological and musculoskeletal disorders, result from uncontrolled actomyosin networks transitions \[[@pgen.1008717.ref044]\]. Thus, identifying new regulators to restrain transitions between different types of actin networks is crucial to fully comprehend not only morphogenesis but also the cellular and molecular basis of some pathologies.

Materials and methods {#sec010}
=====================

*Drosophila* stocks and genetics {#sec011}
--------------------------------

The following fly stocks were used: *mys*^*11*^ (also known as *mys*^*XG43*^ \[[@pgen.1008717.ref045]\], Sqh-GFP \[[@pgen.1008717.ref046]\], Sqh-mCherry \[[@pgen.1008717.ref020], [@pgen.1008717.ref046]\] from Bloomington *Drosophila* Stock Centre, UAS-*abi*RNAi (DGRC-Kyoto 9749R), the follicle stem cell driver *traffic jam*-Gal4 (*tj*-*gal4*, \[[@pgen.1008717.ref047]\]), UAS-zip^DN^ (a gift from D. Kiehart) and the cell membrane marker Resille-GFP \[[@pgen.1008717.ref048]\]. The *e22c-gal4* driver is expressed in the follicle stem cells in the germarium and was therefore combined with *UAS-flp* to generate *mys* FC clones. To visualise cell membranes in *mys* mutant clones, *mysXG43FRT101*/FMZ; Resille-GFP females were crossed to *ubiquitin*-GFPFRT101; *e22c-gal4 UAS-flp/CyO* males. To analyse myosin dynamics in *mys* mutant clones, *mysXG43FRT19A/*FMZ; Sqh-GFP or *mysXG43FRT101/*FMZ; ResilleGFP:Sqh-mCherry/CyO females were crossed to *nlsRFP FRT19A; e22c-gal4 UAS-flp/CyO* and *ubiquitin*-GFPFRT101; *e22c-gal4 UAS-flp/CyO* males, respectively. To study F-actin distribution and dynamics an ubiquitin- lifeactinYFP construct (described below) was generated and recombined with Resille-GFP. To analyse actin dynamics in *mys* mutant clones, *mysXG43FRT101/*FMZ; *ubiquitin*-lifeactinYFP:Resille-GFP/CyO females were crossed to *ubiquitin*-GFPFRT101; *e22c-gal4 UAS-flp/CyO* males. To analyse the behaviour of GFP control clones, we crossed FRT101/FMZ; Resille-GFP females to *ubiquitin*-GFPFRT101; *e22c-gal4 UAS-flp/CyO* males. To express *zip*^*DN*^ in groups of FCs, we used the mosaic expression system called FLP-OUT \[[@pgen.1008717.ref049]\]. For the rescue experiments, we used the heat shock flipase (*hs-flp*) system \[[@pgen.1008717.ref050]\] to generate follicle cell mutant clones and *tj*-Gal4 to express either UAS-*abi*RNAi or UAS- *zip*^*DN*^/TM2. Females *mysXG43FRT101/*FMZ; UAS-*abi*RNAi/CyO or *mysXG43FRT19A/*FMZ; UAS- *zip*^*DN*^/TM2 females were crossed to *hs-flpGFPFRT101; tj*-Gal4:Resille-GFP or *hs-flpRFPFRT19A; tj*-Gal4 males. The heat shock was performed at 37ºC for 2 h during third instar larvae and newly hatched females. Flies were kept at 25°C and yeasted for 2 days prior to ovary dissection.

*Ubiquitin*-lifeactinYFP construct {#sec012}
----------------------------------

Sequences for the actin-binding peptide lifeactin tagged with the fluorescent protein YFP with optimised codon use for *Drosophila* and KpnI and NotI ends were designed. They were synthetised "*in vitro*" by Sigma. The sequences were cloned into the polylinker of the pWR-pUbq transformation vector. This vector contains a poliubiquitin promoter and a selectable marker *mini-white*+. The plasmid was introduced into the germ line of *w*^1118^ flies by standard methods by the company BestGene Inc. and several independent transgenic lines were isolated.

Immunohistochemistry {#sec013}
--------------------

Flies were grown at 25°C and yeasted for 2 days before dissection. Ovaries were dissected from adult females at room temperature in Schneider\'s medium (Sigma Aldrich). The muscle sheath that surround ovarioles was removed at this moment. After that, fixation was performed incubating egg chambers for 20 min with 4% paraformaldehyde in PBS (ChemCruz). Samples were permeabilized using PBT (phosphate-buffered saline+1% TritonX100). For actin labelling, fixed ovaries were incubated with Rhodamine Phalloidin (Molecular Probes, 1:40) for 40 min. The following primary antibodies were used: chicken anti-GFP (1/500, Abcam), anti-cDcp1 (1/100, Cell Signaling Technology) and mouse anti-Dlg (1/50, DHSB, Iowa). Fluorescence-conjugated antibodies used were Alexa Fluor 488 and Alex Fluor 647 (Life Technologies). Samples were mounted in Vectashield (Vector Laboratories) and imaged on a Leica SP5 MP-AOBS.

Time-lapse image acquisition {#sec014}
----------------------------

For live imaging 1--2 days old females were fattened on yeast for 48--96 hours before dissection. Culture conditions and time-lapse microscopy were performed as described in \[[@pgen.1008717.ref051]\]. Ovarioles were isolated from ovaries dissected in supplemented Schneider medium (GIBCO-BRL). Movies were acquired on a Leica SP5 MP-AOBS confocal microscope equipped with a 40 × 1, 3 PL APO oil and HCX PL APO lambda blue 63x 1.4 oil objectives and Leica hybrid detectors (standard mode). *Z*-stacks with 20--23 slices (0.42 μm interval) were taken to capture the entire basal surface of the cells with time points every 30 seconds up to 1 hour.

Laser ablation {#sec015}
--------------

Laser ablation experiments were performed in an inverted Axiovert 200 M, Zeiss microscope equipped with a water-immersion lens (C-Apochromat 633 NA 1.2, Zeiss), a high-speed spinning-disc confocal system (CSU10, Yokogawa), a cooled B/W CCD digital camera (ORCA-ER, Hamamatsu) and a 355 nm pulsed, third-harmonic, solid-state UV laser (PowerChip, JDS Uniphase) with a pulse energy of 20 mJ and 400msec pulse duration. A Melles Griot ArIon Laser (l = 488 nm, 100 mW) was used for excitation of enhanced green fluorescent protein. To analyze the vertex displacements of ablated cell bonds, we first averaged the vertex distance increase from different ablation experiments (ΔL) using as L~0~ the average of distance of the vertex ten seconds before ablation. Changes in vertex distance before ablation are caused by the movement of cell membranes. Images were taken before and after laser pulse every 0,8 seconds for a period of 10 seconds. The initial velocity was estimated as the velocity at the first time point (t1 = 0,8 s). Standard errors were determined.

Image processing and data analysis {#sec016}
----------------------------------

For quantification of basal myosin and actin dynamics over time, maximal projections of confocal stacks were produced to cover for egg chamber curvature. Integrated intensity of myosin and actin were quantified for manually selected regions using ImageJ software. The background value taken from cell-free regions was subtracted from all data series. Data were subjected to Gaussian smoothening with s = 3, σ = 3. The distribution of oscillation periods was obtained by measuring the intervals between each pair of two adjacent peaks. Actin and myosin intensity changes in both wild type and *mys* mutant cells were obtained by averaging the difference between the maximum and the minimum fluorescence intensity for each oscillation. To calculate the period of myosin and actin oscillation, a Matlab script described in \[[@pgen.1008717.ref052]\] was used to measure the power spectrum density of the signal using one-dimensional Fourier transform of the autocorrelation function.

Number of stress fibers was calculated using ImageJ software. First, the entire basal surface of the cell, excluding the cortical region, was outlined. Then, a line extending across this basal surface, on its central region, perpendicular to the actin bundles was drawn. "Plot profile" tool was employed to quantify the fluorescence intensity of the peaks along this line. To quantify peaks in mutant FCs, only peaks greater than one value of SD below the mean intensity of those found in wild type cells were considered. Number of peaks within a cell divided by the cell area was used to compute peak density (Number of picks/μm). Measurements of whole fluorescence intensity were done by dividing the mean of all included pixels intensity by the outlined cell area. Since we needed to adjust laser intensity in each sample to properly visualise actin bundles, due to staining heterogeneity, the ratio between the fluorescent intensities of *mys* and wild type cells was plotted.

Cortical actin intensity across cell-cell boundaries was measured by quantifying the intensity of fluorescent signal across a 2μm bar centered at the boundary. The total fluorescence intensity of the bar was normalised with respect to wild type values.

Measurement of total protrusion area was done manually as described previously in \[[@pgen.1008717.ref053], [@pgen.1008717.ref054]\]. In brief, protrusion area was calculated in FCs expressing the membrane marker Resille-GFP by drawing freehand Regions of Interest (ROIs) from the cell surface to the tip of the protrusions, as shown in orange in [Fig 2D](#pgen.1008717.g002){ref-type="fig"}, and calculating total protrusion area as a percentage of total basal surface area.

Cell area data were calculated using Imaris (Bitplane). The whole basal surface of the cell was outlined using Resille-GFP as cell membrane marker.

Supporting information {#sec017}
======================

###### Dynamics of whip-like structures in S7 control and *mys* FCs.

Time-lapse movie of a rotating S7 mosaic egg chamber containing *mys* FC clones and expressing LifeactinYFP (Ubi-LifeactinYFP, red) and Resille-GFP (green). Focus is on the basal surface. *mys* FCs (GFP-negative, yellow arrows) contain a higher number of whip-like structures compared to controls (GFP-positive, white arrows), which behave similar to controls, i.e. propelling against the direction of rotation.

(MOV)

###### 

Click here for additional data file.

###### Dynamics of myosin in S8 control and *mys* FCs.

Time-lapse movie of a S8 mosaic egg chamber containing mys FC clones and expressing Sqh-GFP Focus is on the basal surface Myosin does not decorate whip-like structures in either control (nuclear RFP-positive) or mys (nRFP-negative) FCs Dots correspond to aggregates of the Sqh-GFP protein.

(MOV)

###### 

Click here for additional data file.

###### Basal F-actin oscillations in live S10 *mys* FCs.

Time-lapse movie of a S10 mosaic egg chamber containing *mys* FC clones and expressing LifeactinYFP (Ubi\>LifeactinYFP, red) and Resille-GFP (green). Focus is on the basal stress fibers. Note that F-actin can oscillate in *mys* FCs (GFP-negative).

(MOV)

###### 

Click here for additional data file.

###### Basal myosin oscillations in live S10 *mys* FCs.

Time-lapse movie of a S10 mosaic egg chambers containing *mys* FC clones and expressing Sqh-mCherry (red) and Resille-GFP (green). Focus is on the basal stress fibers. Note that myosin can oscillate in *mys* FCs (GFP-negative).

(MOV)

###### 

Click here for additional data file.

###### Integrin mutant cells show abnormal dynamic actin protrusions.

Time-lapse movie of a S10 mosaic egg chamber containing *mys* FC clones and expressing LifeactinYFP (Ubi-LifeactinYFP) and Resille-GFP (green). Focus is on the basal surface. Note the presence of dynamic F-actin protrusions (white arrow), emerging from the cell cortex and projecting towards the cell center in *mys* FCs (GFP-negative).

(MOV)

###### 

Click here for additional data file.

###### Dynamics of actin protrusions, myosin levels and basal surface contractions in *mys* FCs.

Time-lapse movie of a S10 mosaic egg chambers containing *mys* FC clones and expressing Sqh-mCherry (red) and Resille-GFP (green). Focus is on the basal surface. Note the correlation between increased protrusion area, myosin accumulation and decreased basal surface area in *mys* FCs.

(MOV)

###### 

Click here for additional data file.

###### Laser ablation of cell bonds between wild type cells.

Movie corresponds to the ablation experiment shown in [Fig 3](#pgen.1008717.g003){ref-type="fig"}. The membranes of FCs are visualised with Resille-GFP. A cell bond between two control FCs is ablated. GFP fluorescent is lost in the middle of the ablated bond upon laser ablation. The movie continues 15s after the cut and shows displacement of the vertexes. Images are taken every 0.8 seconds.

(MOV)

###### 

Click here for additional data file.

###### Laser ablation of cell bonds between *mys* mutant cells.

Movie corresponds to the ablation experiment shown in [Fig 3](#pgen.1008717.g003){ref-type="fig"}. The membranes of FCs are visualised with Resille-GFP. A cell bond between two *mys* FCs is ablated. GFP fluorescent is lost in the middle of the ablated bond upon laser ablation. Movie length and frame rate are as described for [S7 Movie](#pgen.1008717.s007){ref-type="supplementary-material"}.

(MOV)

###### 

Click here for additional data file.

###### Dynamic behavior of the basal surface of control FCs contacting mutant FCs.

Time-lapse movie of a S10 mosaic egg chambers containing *mys* FC clones and expressing Resille-GFP (green). Focus is on the basal surface. Note that the basal surface of control FCs (GFP-positive) contacting *mys* FCs (GFP-negative) seems to spread over the basal surface of the mutant ones.

(MOV)

###### 

Click here for additional data file.

###### Dynamic behavior of the basal surface of control FCs.

Time-lapse movie of a S10 mosaic egg chambers containing GFP FC clones and expressing Resille-GFP (green). Focus is on the basal surface. Note that the basal surface of control FCs (GFP-positive) enclosing GFP mutant FCs (GFP-negative) does not spread over the GFP mutant FCs.

(MOV)

###### 

Click here for additional data file.

###### *mys* FCs do not die by apoptosis.

**(A)** Basal surface view of a mosaic S10 egg chamber containing *mys* FC clones stained with anti-GFP (green), anti-Dcp-1 (red) and the nuclear marker Hoechst (blue). Scale bar, 20 μm. **(A', A")** Magnifications of the white box in **A**. Scale bars, 10 μm.

(TIF)

###### 

Click here for additional data file.

###### Control and *mys* whip-like structures do not contain myosin.

**(A, B)** Confocal images, taken with a 30 min. interval, of a live rotating S8 mosaic egg chamber containing *mys* FC clones (nuclear RFP-negative) and expressing Sqh-GFP (green). Arrow in A indicates the direction of egg chamber rotation. **(A', A", B' and B")** Magnifications of the white boxes in **A** and **B**, respectively. Asterisks label a cell as a reference for the rotation. Dots correspond to aggregates of the Sqh-GFP protein (yellow arrow in A"). Scale bars, 20μm in **A** and **B** and 5μm in **A', A", B'** and **B"**.

(TIF)

###### 

Click here for additional data file.

###### Stress fibers in *mys* FCs show reduced myosin compared to controls.

**(A, B, C)** Basal surface view of mosaic S8 **(A, A')**, S9 **(B, B')** and S10 **(C, C')** egg chambers containing *mys* FC clones, expressing Sqh-GFP (green) and stained for anti-RFP (red). **(A-C')** Myosin levels in stress fibers diminish progressively from S8-10 in *mys* FCs (RFP-negative). White and yellow arrows point to stress fibers in control (RFP-positive) and mutant FCs, respectively. **(D)** Quantification of relative myosin levels in stress fibers in control and *mys* FCs. Scale bars, 5μm.

(TIF)

###### 

Click here for additional data file.

###### Loss of integrins affects the levels and dynamics of basal F-actin.

**(A, B')** Confocal images, taking with a 15 min interval, of live S10 egg chambers containing *mys* FC clones and expressing LifeactinYFP (red) and the cell membrane marker Resille-GFP (green). White and yellow arrows point to stress fibers in control (GFP-positive) and mutant (GFP-negative) FCs, respectively. **(C)** Quantification of the dynamic changes of basal F-actin intensity in S10 control (green) and *mys* FCs (grey). **(D, E)** Fourier transform of the autocorrelation function of the temporal sequences of basal F-actin intensity for control **(D)** and *mys* (**E**) FCs. T indicates period of oscillations. Scale bars, 5 μm.

(TIF)

###### 

Click here for additional data file.

###### Elimination of integrins affects the levels and dynamics of basal myosin.

**(A**, **B')** Confocal images, taking with a 15 min. interval, of live S10 egg chambers containing *mys* FC clones and expressing Sqh-mCherry (red) and the cell membrane marker Resille-GFP (green). **(A'**, **B')** White and yellow arrows point to stress fibers within control (GFP-positive) and mutant (GFP-negative) FCs, respectively. **(C)** Quantification of the dynamic changes of basal myosin intensity in S10 control (green) and *mys* (grey) FCs. **(D**, **E)** Fourier transform of the autocorrelation function of temporal sequences of basal myosin intensity for control **(D)** and *mys* FCs **(E)**. T indicates period of oscillations. Scale bars, 5 μm.

(TIF)

###### 

Click here for additional data file.

###### Cortical F-actin increases autonomously and specifically on the basal surface of *mys* FCs.

**(A-B')** Basal **(A, A')** and apical **(B, B')** surface views of S9 mosaic egg chambers containing *mys* FC clones, stained for anti-GFP (green) and Rhodamine Phalloidin to detect F-actin (red). Basal **(A, A')**, but not apical **(B, B**'), cortical actin levels are higher in *mys* FCs (GFP-negative, yellow arrow) compared to controls (GFP-positive, white arrow). **(C)** Quantification of relative cortical actin intensity in control and *mys* FCs. **(D)** Histogram of fluorescent intensities of F-actin along boundaries between control and *mys* FCs, as indicated with straight coloured lines in (**A**). Scale bars, 5 μm.

(TIF)

###### 

Click here for additional data file.

###### Expression of a dominant negative form of zip (zip^DN^-GFP) rescues the reduced basal surface found in *mys* FCs.

**(A, A')** A S10 mosaic egg chamber containing clones of FCs expressing zip^DN^-GFP and stained with anti-GFP (green) and Rhodamine Phalloidin to detect F-actin (red). **(B, B')** Mosaic egg chamber expressing zip^DN^-GFP in all FCs and containing *mys* FC clones (GFP-negative) stained with anti-GFP (green), Rhodamine Phalloidin (red) and anti-Dlg (blue).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [Fig 1](#pgen.1008717.g001){ref-type="fig"}.

**(A)** Whip-like structures ([Fig 1F](#pgen.1008717.g001){ref-type="fig"}). (**B**) Number of peaks/μm ([Fig 1G](#pgen.1008717.g001){ref-type="fig"}). (**C**) Relative actin intensity in stress fibres ([Fig 1H](#pgen.1008717.g001){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [Fig 2](#pgen.1008717.g002){ref-type="fig"}.

Basal area occupied by projections, basal surface area, myosin intensity ([Fig 2E](#pgen.1008717.g002){ref-type="fig"}).

(TIFF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [Fig 3](#pgen.1008717.g003){ref-type="fig"}.

**(A)** Initial velocity vertex displacement ([Fig 3C](#pgen.1008717.g003){ref-type="fig"}). (**B**) Vertex distance increase ([Fig 3D](#pgen.1008717.g003){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [Fig 4](#pgen.1008717.g004){ref-type="fig"}.

(**A**) Apical area ([Fig 4E](#pgen.1008717.g004){ref-type="fig"}). (**B**) Height ([Fig 4F](#pgen.1008717.g004){ref-type="fig"}). (**C**) Basal area through development ([Fig 4G](#pgen.1008717.g004){ref-type="fig"}). (**D**) Nuclear size ([Fig 4H](#pgen.1008717.g004){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [Fig 5](#pgen.1008717.g005){ref-type="fig"}.

(**A**) Cortical actin fluorescence intensity ratio ([Fig 5C](#pgen.1008717.g005){ref-type="fig"}). (**B**) Basal area rescue ([Fig 5D](#pgen.1008717.g005){ref-type="fig"}). (**C**) Initial Velocity vertex displacement rescue ([Fig 5E](#pgen.1008717.g005){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [S3D Fig](#pgen.1008717.s013){ref-type="supplementary-material"}.

Relative myosin intensity ([S3D Fig](#pgen.1008717.s013){ref-type="supplementary-material"}).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [S4C Fig](#pgen.1008717.s014){ref-type="supplementary-material"}.

Basal Actin Oscillation ([S4C Fig](#pgen.1008717.s014){ref-type="supplementary-material"}).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [S5C Fig](#pgen.1008717.s015){ref-type="supplementary-material"}.

Basal myosin oscillation ([S5C Fig](#pgen.1008717.s015){ref-type="supplementary-material"}).

(TIF)

###### 

Click here for additional data file.

###### Numerical data underlying graphs in [S6C and S6D Fig](#pgen.1008717.s016){ref-type="supplementary-material"}.

Cortical actin fluorescence ([S6C and S6D Fig](#pgen.1008717.s016){ref-type="supplementary-material"}).

(TIF)

###### 

Click here for additional data file.
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Transfer Alert {#sec018}
==============

This paper was transferred from another journal. As a result, its full editorial history (including decision letters, peer reviews and author responses) may not be present.

4 Oct 2019

Dear Lola,

Thank you very much for submitting your Research Article entitled "Integrin-mediated cell-ECM interactions regulate epithelia morphogenesis and homeostasis by controlling the architecture and mechanical properties of basal actomyosin networks" to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by three independent peer reviewers. The reviewers appreciated the attention to an important problem, but raised very important concerns about the current manuscript. Based on the reviews, we will not be able to accept the manuscript, at least in its current version. However, we would be willing to review again a much-revised version including experimental work. We cannot, of course, promise publication at that time. The most important concerns are:

Novelty. Please trim down your manuscript to novel results only. Even nice but confirmatory observations should be eliminated or put in supplementary files.Title. Several reviewers point out that the manuscript does not address "epithelial homeostasis" or "morphogenesis". I suggest to remove \"tissue scale\" conclusions from the title and elsewhere in the manuscript.Cortical actin: reviewer1 wonders whether the increase in cortical actin is a secondary consequence of the lack of stress fibers in integrin mutant clones, and should be presented as such.

Reviewer3 is not convinced by the nature of cortical actin, and would like a better description.

Several reviewers are not convinced by the comparison with wound healing.

We feel that these experiments should be performed before re-submission.

Should you decide to revise the manuscript for further consideration here, your revisions should address all the specific points made by each reviewer. We will also require a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

If you decide to revise the manuscript for further consideration at PLOS Genetics, we would appreciate an expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments are included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see our [guidelines](http://journals.plos.org/plosgenetics/s/submission-guidelines#loc-materials-and-methods).

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool.  PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, use the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

We are sorry that we cannot be more positive about your manuscript at this stage. Please do not hesitate to contact us if you have any concerns or questions.

Yours sincerely,

Jean-René Huynh

Associate Editor

PLOS Genetics

Gregory P. Copenhaver

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The work of Santa-Cruz Mateos et al explores the role of integrins in Drosophila follicle cells. These cells are a great example of stress fibers that can be studied in vivo, with all the power of genetics and imaging brought by this model. Authors used mosaic tissues for a mutation abolishing integrin complex and analyzed its impact on the actomyosin both on fixed and live samples. Although the authors made some nice observations, as it stands, I do not consider that this manuscript reaches the criteria for publication in PLos Genetics. I have several concerns regarding the data or their interpretation.

1\) The article suffers of a lack of novelty. Most of the observations confirm existing data, including on the same tissue, both on F-actin cytoskeleton aspect and actomyosin oscillatory behavior. The best illustration of this is given by the title itself, extremely long but with no clear message: that integrins are important in epithelial cells and have something to do with actomyosin does not seem really new. Title also mentions epithelium morphogenesis and homeostasis, but I cannot see where these points are really addressed in this work. Actually, authors have never looked at a tissue scale.

2\) I am also a bit puzzled by some interpretations :

The main novelty would be that integrin modulates other actin populations as cortical actin and "whips" (figs 1 and 3) . Without integrin, cells produce much less stress fibers (fig 2) and more G-actin is available for cortical F-actin and whips, probably explaining why more of these populations is observed. This raise in cortical actin increases cell tension and induces basal constriction. All data point to this interpretation and authors also reach this conclusion in their discussion and their abstract. Thus, it seems a secondary effect of integrin loss and it is therefore difficult to claim, as authors did several times, that integrin "modulates" or "controls" cortical actin. It would be actually more logical to present the effect of integrin on stress fibers (fig 2) in first. Moreover, whip-like structures are so far poorly characterized at the functional level and depends on the same actin regulators than cortical F-actin; these data could be fused with the ones of fig3. Overall, the figures could be simplified as they show many redundancies. For instance, there are five pictures of F-actin in mys clones around stage 8-9 on four different figures. One could advice the authors to change their manuscript in a shorter report with four figures, highlighting what is really new.

Also, authors stated that wild-type cells next to the mutant ones "acquire spreading capacity" and compared this property with wound healing. It seems highly speculative and even maybe contradictory with their results. Authors have shown that cortical tension increases in mutant cells and that it is associated with basal surface reduction. It is likely that this basal constriction pull on the adjacent cells because of cell-cell adhesion and that stress fibers point towards the mutant cells as a consequence of this mechanical stress. If the wild-type cells were actively spreading over the mutant ones, it would somehow press them, which should decrease cortical tension in the mutant cells. Thus, it seems clearly different than a wound healing process.

These two points are really important because the main integrin primary function described so far in these cells is to allow basal surface contraction, at least transitorily. Thus, if not explained properly it might introduce confusion in the field.

3\) An other important drawback is about the quantitative data throughout the paper.

\- Some are missing. Fig 1: whip-like structures are not quantified. Fig 6 : I really like these observations but there is no indication of cell frequency losing their basal domain and how frequent the reorientation of the surrounding is. It is also true for several supplemental figures ( S1,S2 and S8 for instance).

\- For some of them, no statistic test is provided : 5D, 5E, 4G

\- For some their description is incomplete or approximative and does not allow a clear interpretation. Fig 2D and E: How authors can discriminate long protusions of cortical actin versus stress fibers, especially in mutant cells where less (no?) stress fibers are present and in which protusions are more preeminent due to the increase of cortical actin (visible on fig 1D for instance). Fig 3 : According to the graphs, laser cut data look very robust. However, no pictures or movies are shown. Moreover, the genotype used for these experiments is not indicated. Also, it is not described how the choice of the cut is made in a mutant clone. I guess the bound is between two mutant cells but what about the two neighboring cells at bound extremities: are they wildtype? are they mutant ? are the results the same in both cases ?

\- For some quantitative data, the results seem not consistent with other author observations : How authors can measure basal surface with such a small error bar at stage 10 (fig 4G) whereas this value is highly variable during this stage and can even reach zero for some cells according to fig 6.

4\) Finally, some experiments could be added to fulfill their study. Authors nicely show that Abi RNAi rescues cortical actin levels and basal surface. Laser cuts on such phenotype could fulfill the demonstration that cell surface diminution is due to the increase of cortical actin tension. Moreover, Do they observe wild-type adjacent cells reorienting their stress fibers around mys, Abi RNAi cells. If not that will tend to confirm that it is a response to the mechanical stress induced by mys mutant cells.

Minor points :

Delon and Brown nicely described some changes in integrin complex composition depending on the stage. Could these differences explain why the mutant cells lose their contact specifically at stage 10?

Introduction : "In summary, F-actin organizes in three different types of networks at the basal side of FCs. " This sentence is difficult to understand as the paragraph mainly describes stress fibers and that the two others populations are mentioned briefly and much earlier. Actually, a scheme explaining the different actin populations could help.

The only argument of the authors may have for a direct impact of integrin on cortical actin is on fig1C where a localization at, or close to, tricellular junctions is observed. First, this localization of integrin at tricellular junction has already been shown in Schotman et al 2008, in which authors demonstrated that this localization is more a step of their trafficking than a functional site. Then, if such localization will have something to do with the cortical actin defect observed in mys clones, then it should be observed before stage 10. Is it the case?

Some pictures do not seem oriented according to AP axis, as it is usually the case (fig 2 for instance). This is a bit disturbing as stress fibers are normally planar polarized in this tissue.

Authors stated that MyoII signal is not increased in mutant cells fig S1 and movie S2. Despite the fact that there is no quantification, I do even see less, probably due to the absence of stress fibers where MyoII localized during the rotation process. To this respect Viktorinova et al, 2017 should be cited.

Fig 2C: F-actin looks extremely weird in WT cells. The fact that they have been generated by STED cannot explain such a difference with usual confocal images.

Authors tried to detect apoptosis with cleaved cas3 staining. It is now well established that dcp1 staining is a more reliable marker in fly.

In the pictures there is a mix of different stages that make very difficult for a non-specialist; Why authors look at stage 8, 9 or 10 (but not the others)?

Lack of figure annotation makes sometimes article difficult to read :

Fig 2E and 3E: the two graphs represent in appearance the same thing with opposite results.

\- Fig 3C, 4C : what is plotted on the x-axis?

\- S3G : what is plotted on the x-axis? What is the difference between the two graphs ? is it time ? if so I do not understand why MyoII and actin would be anticorrelated (whereas they were correlated in the precedent simulations published by the same group.)

Beginning of page 12 : "(or Fat)"?

Discussion : Qin paper that showed by optogenetics that integrin are not required for the oscillatory behavior of the cells should be mentioned in the discussion. Actually, I would recommend the authors to show their data on MyoII pulsation in the main figures. Although it comes as confirmation, I find amazing to see that, even in null mutant cells, such oscillation still occurs.

Reviewer \#2: Summary:

This study characterizes the effects of the mysXG43 mutation on the FC cytoskeletal elements -- cortical actomyosin fibers, stress fibers, and the whip-like structures at the TCJs, expanding on the knowledge of integrins and their functions in the FE. Previously shown to have increased F-action levels in general, the integrin deficient mutant mysXG43 is now shown to increase F-actin specifically at the whip-like protrusions at the TCJs and the cortical actomyosin network, but NOT at the stress fibers. Integrins are reported to be involved in the setting up, functioning, and maintenance of the cortical actomyosin network as the egg chambers develop from stage 8 -- 10. By laser ablation of cell-cell contacts in mutant mosaic FE, they show that the cell membranes are at a higher tension in the mutant cells than in the WT cells. Finally, they show that integrins work with Abi to expand the basal surface area of the endocycling FCs. In the mosaics, they also report a rearrangement of the mutant cells with reduced (or almost absent/sunken) basal membrane, between the WT cells in the FE. This study increases our understanding of the role of integrins in maintaining and regulating the FE actomyosin dynamics.

Comments:

General comments-

\- The result section has a lot of 'introduction' at the beginning of each sub-topic, and can be moved to the intro section of the paper to make the data easier to follow.

\- Discussion section has a lot of grammatical errors. Proofread to improve. Good section, though.

\- The title mentions 'epithelia morphogenesis and homoeostasis' but I don't really see any evidence for this in the data. There is no real evidence for this claim -- yes, the mutant cells have an altered morphology (smaller basal surface) but it is the WT cells that compensate for this, and integrins are not shown to have a role in it. And yes, integrins regulate the cytoskeleton and therefore cell shape, but not epithelial morphogenesis per se. Consider rewording so as to not appear to be misleading.

\- Figure legends also need proofreading to make them more clear -- especially the supplementals.

\- Egg chamber stages for ALL figures need to be specified -- even in the supplementary figures.

\- The movies are awesome.

Specific comments --

\- Page 4 -- Introduction, paragraph 3 -- ovarioles are described as 'tube-producing eggs'. Please rephrase.

\- Figure 1 A-A" -- What is the purpose of showing the localization of integrins at stage 10a? Make a note of why this is important either here or in the discussion.

\- Is the F-actin stained by phalloidin in stage 8 egg chambers in Fig 1D-D" basal cortical actin, and stress fibers in Fig 2 A-A'? There is a need to distinguish between the two and how you tell them apart, at least in the introduction. Otherwise it gives the impression of conflicting data between your two figures.

\- Page 9 -- under "Integrins regulate cortical F actin levels and tension" -- the first sentence either needs a reference or can be removed altogether. You can go straight to describing your experiment/data.

\- Page 10 -- under "Morphological consequences..." -- The first paragraph contains an excessive amount of introduction or background that is hard to read and, again, distracts from the actual data. Condense for better flow, and for a clearer storyline.

\- Page 11-12 -- under "Integrins control basal surface..." zipperDN is reported to have reduced stress fiber numbers. Please include a note on what this signifies in this section, and how it fits in your hypothesis, as you did with the Abi RNAi data.

\- Page 13 -- Discussion -- paragraph 1 line 6-7 -- "...this integrin function is also critical for the changes in cell shape and area underlying epithelia morphogenesis." Epithelial morphogenesis indicates a different process in drosophila egg chambers at different stages. Which of those is affected in the mysXG43 mutant cells? Or are you referring generally to cell shape changes caused by the mutation to be 'epithelial morphogenesis'? Please clarify, as this comes off as misleading to some extent.

\- Page 27 -- figure legend --figure 5 -- "integrins regulate cell surface growth..." Your data indicates that integrins are required for the normal increase in basal surface area -- your figure legend is misleading.

\- Page 27 -- figure legend -- figure 6 -- "Elimination of integrins in FCs induces spreading of the basal surface of control neighboring FCs" This description indicates that it is the mutation that is somehow 'inducing' the spreading of the WT cells in the mosaic. I would argue that it is the phenotype created by the mutation that is eliciting the response from the WT cells in the mosaic (potentially to maintain tissue integrity). Please correct this description.

\- Page 28 -- Figure legend -- Movie S2 -- "The whip-like structures found in mysXG43 FCs do not contain myosin" is the title, and you go on to say two lines down that it is the same for both control and mysXG43 mutant cells. It is rather misleading to word the title this way -- it makes more sense to say that the mutation does not affect myosin distribution in the whip-like structures. Please correct.

\- Page 29/Movie S5 -- The movie is great! However, it would be easier to see the basal domain of the WT cells expanding if there was an arrow or arrowhead to point out where to look. (The control in Movie S6 helps).

Also, there is a cell doing a lot of moving, almost like a junction remodeling event on the top left corner -- please address that with a hypothesis or speculation.

\- Page 30 - figure legend -- supplementary figure 5 -- "...specific of the basal surface" do you mean restricted to the basal fibers?

Reviewer \#3: Uploaded as attachment.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: None

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No
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13 Feb 2020

\* Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. \*

Dear Lola,

Your revised manuscript has been evaluated by the same three reviewers. Reviewers 2 and 3 are happy with your additional experiments and changes. However, both of them noticed many typos and grammatical errors. It is important that you correct those before I can formally accept the manuscript. 

Reviewer 1 remains critical. I won\'t send back your manuscript for review, however, I very much advise you to take into consideration its remaining concerns. It won\'t be a condition for acceptance, but it is an opportunity to improve the published version of your manuscript. Please list any changes, that you decide to make in a separate letter.

In addition we ask that you:

1\) Provide a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

2\) Upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments should be included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

Please let us know if you have any questions while making these revisions.

Yours sincerely,

Jean-René Huynh

Associate Editor

PLOS Genetics

Gregory Copenhaver

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The manuscript is improved but I am still not fully convinced about the novelty and the relevance of this work. I guess the question is whether the characterization of secondary effects of integrin loss can be considered as "new roles for integrins" as authors claim in their rebuttal.

1\) I still do not find the title in line with the paper as it is presented : the title mentions actomyosin whereas myosin is not looked at anymore in the main figures, which I think is unfortunate.

2\) Authors wrote:

"In addition, we noticed that the basal stress fibers, which are randomly oriented in wild type S10B FCs (yellow asterisks in Fig.6E, E', Delon and Brown, 2009), polarized towards the mutant cells in control FCs surrounding mys FCs (n=15, ec=8, yellow arrows in Fig.6E, E'). Quantification of this phenotype revealed that control cells re-orient their stress fibers around clones of mutant cells in 80% of the cases analysed (n=15, ec=9). "

As I understand it, the same quantification is given twice but not consistently ...

Moreover few lines before authors indicate that " Our analysis of later egg chambers (stage 10b) showed that 70% of the mutant clones (n=30, ec=8) contained cells in which the basal area was hardly visible (Fig.6A-B') "

But then why number are different (30 in one case 15 in the other) and to what the 80% refer: is 80% of the 70% or 80% of the totality? It may change quite a lot the interpretation.

3\) laser cuts movies are nice but on the provided examples I cannot see the difference in the recoil between the two genotypes. Also the duration of the movies and the image size (different scales ?) are different, making theme difficult to compare.

4\) Fig 5E : values of recall velocities for WT/WT cells and mys/mys cells look identical to the ones of Fig 3. If the authors reused the same data, it should be indicated. Moreover the n value is not indicated for mys, abi RNAi cuts.

5\) Whether Abi RNAi could rescue tension increase and stress fiber orientation in neighboring cells should have tested using MARCM approach. 1) it would have clearly shown that the effect on tension is cell autonomous 2)The general effect of Abi RNAi on stress fiber orientation because it blocks rotation could have been anticipated (already published) to choose a better strategy.

6\) Image quality of the PDF is poor, making very difficult to look at some figures.

Reviewer \#2: The responses to the original comments are acceptable. However, the manuscript still contains many grammatic errors and needs to be proofread thoroughly.

Reviewer \#3: review is uploaded as attachment.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: No: Spreadsheet for numerical data is missing.

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No
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###### 

Submitted filename: Review.pdf

###### 

Click here for additional data file.

10.1371/journal.pgen.1008717.r004

Author response to Decision Letter 1

9 Mar 2020

###### 

Submitted filename: Response to Reviewers 2nd Revision.docx

###### 

Click here for additional data file.

10.1371/journal.pgen.1008717.r005

Decision Letter 2

Copenhaver

Gregory P.

Editor-in-Chief

Huynh

Jean-René

Associate Editor

© 2020 Copenhaver, Huynh

2020

Copenhaver, Huynh

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

16 Mar 2020

Dear Lola,

Thank you for taking the time to address the reviewers\' comments. 

We are pleased to inform you that your manuscript entitled \"Integrins regulate epithelial cell shape by controlling the architecture and mechanical properties of basal actomyosin networks\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.

In the meantime, please log into Editorial Manager at <https://www.editorialmanager.com/pgenetics/>, click the \"Update My Information\" link at the top of the page, and update your user information to ensure an efficient production and billing process. Note that PLOS requires an ORCID iD for all corresponding authors. Therefore, please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.  This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager.

If you have a press-related query, or would like to know about one way to make your underlying data available (as you will be aware, this is required for publication), please see the end of this email. If your institution or institutions have a press office, please notify them about your upcoming article at this point, to enable them to help maximise its impact. Inform journal staff as soon as possible if you are preparing a press release for your article and need a publication date.
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